We investigated the effects of in ovo feeding (IOF) of creatine pyruvate (CrPyr) on energy reserves, satellite cell mitotic activity (SCMA) and myogenic gene expression in breast muscle of embryos and neonatal broilers. A total of 960 eggs were randomly allocated into three treatments: 1) non-injected control group, 2) saline group injected with 0.6 mL of physiological saline (0.75%), and 3) CrPyr group injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr/egg at 17.5 d of incubation. After hatching, a total of 120 male chicks were randomly assigned to each treatment group, with eight replicate sets per group. Selected chicks had body BW close to the average of their pooled group. Our results showed that the total and relative breast muscle weights of broilers subjected to CrPyr treatment were higher than those in the control and saline groups on 19 d of incubation (19 E), the day of hatch, 3 and 7 d post-hatch (P < 0.05). The myofiber diameter and cross-sectional area of individuals in the CrPyr group were higher than those in other treatments on 3 and 7 d post-hatch (P < 0.05). Moreover, IOF of CrPyr increased (P < 0.05) creatine concentrations on 19 E, the day of hatch and 3 d post-hatch, the same treatment increased phosphocreatine concentrations on 19 E. Broilers in the CrPyr group showed higher expression of myogenic differentiation 1 (MyoD) (P < 0.05), myogenin and paired box 7 (Pax7), as well as higher index of SCMA on 3 d post-hatch. However, myostatin mRNA expression in CrPyr-treated broilers was downregulated on 3 d post-hatch (P < 0.05). These results indicated that IOF of CrPyr increased energy reserves of embryos and SCMA of broilers on 3 d post-hatch, which led to enhanced muscle growth in the late embryos and neonatal broilers. Additionally, IOF of CrPyr increased the activity of satellite cells possibly through up-regulating MyoD, myogenin, and Pax7 mRNA expression and down-regulating myostatin mRNA expression.
INTRODUCTION
Unlike in mammals, embryonic development in avian species is an external process that occurs in the absence of continuous maternal energy supply. During the prehatch period, glycogen reserves in the liver and muscles are preferentially utilized to meet the high energy demands during avian embryonic development due to limited oxygen availability (Christensen et al., 2001; Chen et al., 2010; Shafey et al., 2012) . However, glycogen reserves become significantly depleted towards the end of the incubation period, which in turn forces the embryo to mobilize more muscle protein for gluconeogene-C 2017 Poultry Science Association Inc. Received August 21, 2016. Accepted May 10, 2017. 1 Corresponding author: gaofeng0629@sina.com sis, thereby inhibiting muscle growth and development (Chen et al., 2009; Noy and Uni, 2010) . Hence, a sufficient energy status is required for muscle development of late-term embryos.
In addition, muscle fiber formation is completed at hatching, and subsequent muscle growth during the post-hatch period depends on the hypertrophy of the existing myofibers and the accumulation of nuclei in the myofibers (Campion, 1984; Liu et al., 2010) . Satellite cells, which are located between the basal lamina and the sarcolemma of muscle fibers, are mitotically active cells that serve as the source of new nuclei for myofiber growth in post-hatch muscles. Satellite cells can proliferate, differentiate, and join with existing adjacent fibers or fuse with each other to generate new muscle fibers (Campion, 1984; Merly et al., 1998) . However, proliferation and differentiation in satellite cells have been found to peak during the first week post-hatch in broilers, therefore, the stage immediately after post-hatching is a crucial period for increasing breast meat yield (Halevy et al., 2000; Halevy et al., 2006) . Under commercial industry practices, chickens are generally deprived of food and water for 24-72 h because of variations in hatch time, chick handling, and transportation time (Willemsen et al., 2010) . Post-hatch starvation not only aggravates the energy depletion (Lamot et al., 2014) , but also reduces the proliferation of satellite cells and irreversibly prevents muscle growth in birds (Halevy et al., 2000; Halevy et al., 2003) . Therefore, early nutritional conditions exert pivotal effects on muscle development in late embryos and neonatal broilers (Bottje et al., 2010; Kornasio et al., 2011) .
In ovo feeding (IOF), the administrating exogenous nutrients into the amnion of late-term avian embryos, represents a feasible approach to provide early nutrition in poultry (Uni and Ferket, 2004) . The injected nutrient solutions are exposed to the tissues of the gastrointestinal tract after the embryos can consume, digest, and absorb the amniotic fluid through the embryonic intestine prior to pipping (Uni et al., 2005) . Numerous studies have revealed that IOF of exogenous nutrients, such as carbohydrates, amino acids, and proteins, could increase energy reserves, marketing weight, and breast muscle yield of broilers (Uni and Ferket, 2004; Tangara et al., 2010; Dong et al., 2013) .
Creatine (Cr) is a nitrogen-containing compound that can be phosphorylated into phosphocreatine (PCr). Cr represents one of the most important molecules in energy metabolism (Nabuurs et al., 2013) . The Cr-PCr system is directly involved in the muscle energy buffering system and maintains energy homeostasis by buffering adenosine diphosphate (ADP) and adenosine triphosphate (ATP) ratios (Brosnan and Brosnan, 2007; Allen, 2012) . Additionally, Cr has been documented to induce the differentiation of satellite cells in culture (Vierck et al., 2003) . Dietary addition of Cr could increase the number of satellite cells and result in higher satellite cell mitotic activity (SCMA) in skeletal muscles (Dangott et al., 2000; Olsen et al., 2006) . Creatine pyruvate (CrPyr) is an organic compound that contains pyruvic acid and Cr at a ratio of 40:60 (Chen et al., 2011; Chen et al., 2012) . Previous studies have demonstrated that pyruvic acid could enhance the utilization of both compounds. The effects of CrPyr on metabolism were found to be more pronounced than those of Cr alone (Chen et al., 2012; Scheer et al., 2016) . Thus, we hypothesized that IOF of CrPyr would increase energy reserves and SCMA in avian embryos and neonates. Therefore, the objectives of the present study were to evaluate the effects of IOF of CrPyr on energy reserves and SCMA and to determine myogenic gene expression patterns in the breast muscle of late embryos and neonatal broilers.
MATERIALS AND METHODS

Incubation
All procedures involving animals were approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University. Fertile eggs of the Arbor Acres broiler were pre-weighed and selected from a commercial hatchery with an average weight of 69.85 ± 0.74 g (ranging from 68 to 72 g). The eggs were then randomly assigned to a microcomputer automatic incubator (ZCA-A, Zhicheng Incubation Equipment Co., Ltd., Dezhou, China) according to standard hatchery procedures (37.8 ± 0.1
• C of temperature and 60% of RH). On embryonic d 6, unfertilized eggs were removed from the incubator following illumination. At the end of embryonic d 16, all eggs were candled again, and nonviable eggs were discarded. Then, 960 remaining eggs with similar weight (64.50 ± 0.38 g) were randomly assigned to one of three treatment groups, with eight replicate sets of 40 eggs each. A total of 24 incubator trays were used, and each tray was considered as one replicate.
IOF Procedure
Injection solutions were freshly prepared on the day of operation. The CrPyr (Hubei Ju sheng Technology Co., Ltd., Wuhan, China) was dissolved in physiological saline (0.75%) solution to a concentration of 20 mg/mL. Then, solutions were sterilized by filtration through a 0.22-μm membrane filter and subsequently placed in the incubator at 37.8
• C for 2 h prior to injection. The three treatment groups included: 1) non-injected control group, 2) saline group injected with 0.6 mL of physiological saline (0.75%), and 3) CrPyr group injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr/egg. On 17.5 d of incubation, the location of the amnion was identified by candling, and the surface of the injection site on the larger end of the egg was disinfected with 75% ethanol. A hole was punched using a needle, and the solution was injected into the amnion using a 21-gauge needle according to the methods described by Uni et al. (2005) and Zhai et al. (2011) . Immediately after injection, the holes were sealed with paraffin, and the eggs were placed back into the hatching trays. The injection process for all eggs was completed within 2 h. Eggs in the control group were non-injected but were subjected to the same handling procedures as the IOF treatment groups.
Animal Husbandry
Upon hatching, all male hatched chicks from one treatment were pooled and weighed. Within 6 h after hatching, a total of 120 healthy male chicks from each treatment with similar weights close to the average BW of their pooled group were selected and randomly assigned into eight replicates sets with 15 chicks each. The chickens were provided free access to feed and water in three-layer cages in a temperature-controlled room and were housed under incandescent white light with a 23 h:1 h light/dark schedule. Housing conditions were closely monitored to ensure similar environmental conditions in each cage. The room temperature was maintained at 32
• C to 34
• C for the first three days and then gradually decreased to 30
• C at the end of the experiment (7 d of age). The diet was formulated to meet the nutrient requirements of Arbor Acres broilers, and all three treatment groups were provided with same diet (Table 1) .
Tissue Sampling
On 19 E, entire embryos were removed and cleaned of the yolk sac and membrane after opening the eggs from air chamber. Next, embryos were euthanized with sodium pentobarbital (20 mg/kg of BW; Beijing Chemical Co, Beijing, China). Two male embryos were randomly selected from each replicate by observing the gonads. Breast muscle tissue from the first embryo was collected and frozen in liquid nitrogen after the entire breast muscle (both pectoralis major and pectoralis minor) was weighed and recorded. Meanwhile, the entire left breast muscle of the other embryo was removed and fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Immediately afterwards, the tissue was dehydrated, cleared, and embedded in paraffin for morphological analysis.
Three birds per replicate with a BW close to the average BW of the cage were selected and weighed on the age of hatch, 3 and 7 d post-hatch, respectively. The entire breast muscle of the first chicken was obtained and weighed after cervical dislocation, and the muscle tissue was frozen in liquid nitrogen for further analysis of Cr and PCr levels and total RNA isolation. The breast muscle tissue (0.3 cm × 0.3 cm × 0.5 cm in size) of the second bird was obtained and placed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) during preparation of paraffin sections. The third chicken was intra-abdominally injected with 5-bromo-2 -deoxyuridine (BrdU; 10 mg/mL; 100 mg/kg of bird mass) using a 21-gauge needle according to the methods of Moore et al. (2005a) . The chicken was sacrificed by cervical dislocation after 2 h to ensure that BrdU has been incorporated into the nuclei at the S-phase of the cell cycle. Then, the left breast muscle (0.3 cm × 0.3 cm × 0.5 cm) of each bird was harvested and fixed overnight in 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Subsequently, the tissue was dehydrated, cleared, and embedded in paraffin for immunohistochemical analysis.
Measurements of Cr and PCr
The concentrations of Cr and PCr were determined using reverse-phase-HPLC based on a modified method of Li et al. (2016) . Briefly, each frozen muscle sample (300 mg) was cut and homogenized for 1 min in 2 mL of ice-cold 5% HClO 4 . After incubation in an ice bath for 15 min, the homogenate was centrifuged for 10 min at 10,000 × g at 4
• C. The supernatant was then mixed with 900 μL of 0.8 M K 2 CO 3 . After neutralizing in an ice bath for 10 min, the mixture was centrifuged for 10 min at 10,000 × g at 4
• C. The supernatant (1.5 mL) was filtered through a 0.45-μm filtration membrane, and 20 μL of the sample was injected into a Waters-2695 Alliance HPLC system (Waters, Milford, MA, USA) equipped with an integrated auto-sampler. Chromatography was performed on a Waters SunFire C18 column (250 mm × 4.6 mm, 5 μm) with a column temperature of 25
• C and UV detection wavelength of 210 nm. The mobile phase consisted of 2% methyl cyanide and 98% KH 2 PO 4 buffer (29.4 mM). The flow rate was maintained at 1.0 mL/min.
Morphological Observation of Muscle Tissue
Sample sections (8 μm) were cut from the paraffin, and muscle slices were stained with hematoxylin and eosin. All sections were photographed at 400 × magnification using a microscope (Nikon 80i, Nikon, Tokyo, Japan) equipped with NIS-Elements F 3.00 imaging software. Five sections were analyzed per sample, and at least five random fields per section were monitored. Image-Pro Plus version 5.0 software (Media Cybernetics Inc., Bethesda, MD, USA) was used to analyze micrographs, including the diameters and the cross-sectional areas of the muscle fibers.
Immunohistochemical Staining
Immunohistochemical staining was performed as described by Zhang et al. (2014) with slight modifications. Muscle samples were cut into 8-μm serial sections. Next, tissue sections were deparaffinized, rehydrated, and incubated in citric acid buffer (pH 6.0) at 95
• C for 15 min. Sections were treated with 3% hydrogen peroxide for 25 min at room temperature. Slices were washed thrice with PBS (pH 7.4) for 5 min and blocked with PBS containing 10% goat serum for 30 min. Sections were then incubated overnight at 4
• C in a 1:200 dilution of primary mouse anti-BrdU monoclonal antibody (Sangon Biotechnology Co. Ltd, Shanghai, China). Subsequently, sections were incubated with goat anti-mouse secondary antibody (DAKO, Glostrup, Denmark) conjugated to horseradish peroxidase for 50 min at room temperature. Slides were visualized with 3,3 -diaminobenzidine tetrahydrochloride (SigmaAldrich, St. Louis, MO, USA) and counterstained with hematoxylin for 3 min.
The sections were photographed using a microscope (Nikon 80i, Nikon, Tokyo, Japan) at 400 × magnification. At least five random fields in five sections of each muscle sample were analyzed. The black dots represent nuclei staining positive for BrdU. The index of SCMA was calculated by dividing the number of BrdU-labeled nuclei by the total number of (BrdU-labeled + nonBrdU-labeled) nuclei (Dangott et al., 2000) .
Real-Time Quantitative PCR Analysis
Total RNA was extracted from muscle samples using RNAiso Plus reagent (TaKaRa Biotechnology Co. Ltd., Dalian, China). The quantity and purity of the total RNA was assessed using a spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Total RNA was treated with DNase I (TaKaRa Biotechnology Co. Ltd., Dalian, China) to remove contaminating DNA and was subsequently reverse transcribed to cDNA on Veriti TM 96-Well Thermal Cycler (Model 9902, Applied Biosystems, Singapore) using a Prime Script RT TM Master Mix kit (TaKaRa Biotechnology Co. Ltd., Dalian, China). Real-time quantitative PCR (RT-qPCR) was performed using the QuanStudio5 RT-qPCR detection system (Applied Biosystems, USA) using SYBR R Premix Ex Taq TM kits (Takara Biotechnology Co. Ltd., Dalian, China). The following cycling conditions were used: 95
• C for 30 s; 40 cycles of 95
• C for 5 s and 60
• C for 30 s; and 95
• C for 15 s, 60
• C for 1 min, and 95
• C for 15 s. All samples were run in triplicate. Meltcurve analysis was performed to validate the specificity of qPCR-amplified products. The expressions levels of target genes were analyzed relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) according to the 2 −ΔΔCT method (Schmittgen and Livak, 2008) . The sample of birds from 19 E in non-injected control group was applied as the calibrator sample. Primer sequences used for RT-qPCR are listed in Table 2 .
Statistical Analysis
Data analysis was performed by one-way ANOVA using SAS 9.2 (SAS Institute 2010) software. Differences among treatments were examined using Tukey's multiple range tests. The differences were considered to be significant at P < 0.05.
RESULTS
Muscle Growth
As shown in Table 3 , the embryos and broilers subjected to CrPyr treatment had higher total and relative breast muscle weights than those of the control and saline groups on 19 E, the day of hatch, 3 and 7 d posthatch (P < 0.05). On the 3 and 7 d of age, the myofiber diameters and cross-sectional areas of breast muscle in CrPyr group were found to be higher than those in the control and saline groups (P < 0.05, Figure 1 and Table 4). Neither myofiber diameter nor cross-sectional area was altered by CrPyr supplementation on 19 E and the day of hatch (P > 0.05, Figure 1 and Table 4 ). Table 3 . The effects of in ovo feeding (IOF) of creatine pyruvate (CrPyr) on the total and relative breast muscle weight in embryos and broilers on 19 d of incubation (19 E), the day of hatch, 3 and 7 d post-hatch. Control is the non-injected treatment. Saline is the treatment injected with 0.6 mL of physiological saline (0.75%) per egg. CrPyr is the in ovo feeding (IOF) treatment injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr per egg.
2 total standard error of the means (n = 8). Table 4 . The effects of in ovo feeding (IOF) of creatine pyruvate (CrPyr) on myofiber diameters and cross-sectional areas of the breast muscle in embryos and broilers on 19 d of incubation (19 E), the day of hatch, 3, and 7 d post-hatch. The results are presented by means and the SEM. a,b Means within a row with different superscripts are different at P < 0.05. 1 Control is the non-injected treatment. Saline is the treatment injected with 0.6 mL of physiological saline (0.75%) per egg. CrPyr is the in ovo feeding (IOF) treatment injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr per egg.
2 total standard error of the means (n = 8). The results are presented by means and the SEM. a,b Means within a row with different superscripts are different at P < 0.05. 1 Control is the non-injected treatment. Saline is the treatment injected with 0.6 mL of physiological saline (0.75%) per egg. CrPyr is the in ovo feeding (IOF) treatment injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr per egg.
2 total standard error of the means (n = 8).
Concentrations of Cr and PCr in Breast Muscle
The concentrations of Cr in breast muscle of broilers in the CrPyr group were higher compared to those of the control and saline groups on 19 E, the day of hatch and 3 d post-hatch (P < 0.05, Table 5 ). Additionally, the concentrations of PCr in the CrPyr-treated group were higher than that in other treatments on 19 E (P < 0.05).
The Index of SCMA
No differences in the index of SCMA were observed among different treatment groups on the day of hatch and 7 d post-hatch (P > 0.05, Figure 2 and 3) . However, the index of SCMA in the CrPyr group was significantly higher than that of the control and saline groups on 3 d post-hatch (P < 0.05).
Myogenic Gene Expression
There was no significant differences in mRNA expression of myogenic differentiation 1 (MyoD), myogenin, paired box 7 (Pax7), and myostatin among the three treatment groups on 19 E (P > 0.05, Figure 4) . The mRNA expression of MyoD was observed to be significantly upregulated in breast muscle tissues of CrPyrtreated broilers on the day of hatch and 3 d posthatch (P < 0.05, Figure 4A ). Compared with broilers in the control and saline groups, CrPyr-treated broilers showed significant upregulation of myogenin and Pax7 mRNA (P < 0.05, Figure 4B and C) and downregulation of myostatin mRNA (P < 0.05, Figure 4D ) on 3 d post-hatch.
DISCUSSION
During the pre-hatch period, glucose and glycogen reserves are preferentially utilized by the embryos to meet the high energy demands and usually become Control is the non-injected treatment. Saline is the treatment injected with 0.6 mL of physiological saline (0.75%) per egg. CrPyr is the in ovo feeding (IOF) treatment injected with 0.6 mL of physiological saline (0.75%) containing 12 mg CrPyr per egg. All data represent the means ± SE of eight samples of birds per treatment.
a-b Different letters within the same time points indicate significant differences among the three treatments (P < 0.05).
depleted (Shafey et al., 2012) . Consequently, diminished glucose and glycogen reserves force the embryo to mobilize more proteins for gluconeogenesis, which inhibits muscle growth and leads to decreased muscle weight (Noy and Uni, 2010) . Previous studies have revealed that IOF of external nutrients, such as carbohydrates, arginine, white protein, or β-hydroxy-β-methylbutyrate, increased the energy reserves of poultry by increasing glycogen storage in the liver or breast muscle, which will be utilized for the development of breast muscle (Uni and Ferket, 2004; Foye et al., 2006; Kornasio et al., 2011) . The results of the present study showed that IOF of 12 mg CrPyr/egg increased the breast muscle weight and the Cr and PCr concentrations in breast muscle at 19 E. Similarly, the amounts of Cr and PCr in rat myoblasts were found to increase after 48 h of Cr supplementation (Ceddia and Sweeney, 2004) . A recent study in our lab also demonstrated that IOF of creatine monohydrate (a commercial additive containing Cr) during the late stage of incubation resulted in increased Cr and PCr concentrations in the breast muscle of embryos . The Cr can be phosphorylated into PCr, which is directly involved in energy buffer system in the muscles (Brosnan and Brosnan, 2007) . Under conditions of high energy demand, the creatine kinase transfers a phosphate group from PCr to ADP to replenish ATP and avoid energy imbalance (Allen, 2012) . In the present study, the Cr-Pcr system serves as an additional energy source for embryos in the CrPyr group, thereby improving the energy status of embryos during the last stage of incubation. Therefore, the enhanced energy buffering capacity of the muscles from birds in the CrPyr treatment group probably reduced the need for glucose synthesis via gluconeogenesis from muscle proteins, and was beneficial to the higher breast muscle weight in the embryos. Nevertheless, Zhang et al. (2016) reported that individual injection of creatine monohydrate was insufficient to promote chicken growth. However, this could be explained by the different additive forms of Cr used for injection, as well as differences in injection dosage. The SCMA and subsequent nuclei accretion of myofibers are considered as major indicators of muscle growth potential (Mozdziak et al., 1997; Moore et al., 2005a) . However, the SCMA increases with age, peaks at 2 d to 3 d post-hatch, and then drastically declines after one week post-hatch (Halevy et al., 2000; Halevy et al., 2006) . The above results suggest that the immediate post-hatch period is crucial for optimizing breast meat yield by inducing high mitotic activity of satellite cells. Unfortunately, post-hatch starvation reduces the proliferation of satellite cells and irreversibly impairs muscle growth in birds, indicating that satellite cells are sensitive to nutrition levels (Halevy et al., 2000; Halevy et al., 2003) . Kornasio et al. (2011) reported that IOF of carbohydrates and β-hydroxy-β-methylbutyrate increased myofiber diameter and muscle weight on 35 d post-hatch by stimulating the proliferation of satellite cells. In the present study, broilers in the CrPyr group showed a significant increase in the index of SCMA on 3 d post-hatch, which could be responsible for the observed increases in myofiber diameters and cross-sectional areas, as well as increased breast muscle weights and relative breast muscle weights on 3 and 7 d post-hatch. In accordance with the findings of Vierck et al. (2003) , who reported that Cr could increase satellite cell activity in cell cultures, the raised Cr in breast muscle might stimulate the proliferation and differentiation of satellite cells in the present study. Therefore, the enhanced formation of new myonuclei due to the increased SCMA index, which promotes postnatal growth and muscle development, could explain the observed increase in the breast muscle weight of broilers in the CrPyr group.
Increased proliferation and differentiation of satellite cells and subsequent muscle development in the posthatch period are primarily mediated by the myogenic regulatory factors (MRFs), including MyoD, myogenic factor 5, myogenin, and MRF4 (Cornelison and Wold, 1997) . In general, MyoD is involved in cell fate determination of myoblasts and is expressed when the satellite cells are activated (Lowe et al., 1998) . By contrast, myogenin regulates terminal myogenic differentiation of satellite cells and facilitates the fusion of myoblasts with the myofibers (Smith et al., 1994) . A large number of studies involving human trials have reported that Cr supplementation in combination with strength training increased the number of satellite cells and myonuclei in skeletal muscle, which may be related to the increased mRNA expression of myogenin (Hespel et al., 2001; Willoughby and Rosene, 2003; Olsen et al., 2006) . The above findings imply that Cr might act as a transcriptional co-regulator to stimulate satellite cells proliferation and differentiation by modulating the expression of MRFs. In the present study, myogenin mRNA expression on 3 d post-hatch was found to be upregulated in the CrPyr group. MyoD showed similar expression patterns on the day of hatch and 3 d post-hatch. Therefore, we could speculate that the increased Cr in breast muscle induced by IOF of CrPyr might function as a specific transcriptional co-regulator to mediate the expression of MyoD and myogenin, thereby enhancing the proliferation and differentiation of satellite cells in neonatal broilers. The activated satellite cells could proliferate and fuse into myofibers, which leads to fiber hypertrophy and increase in muscle mass. Interestingly, a human in vivo study conducted by Willoughby and Rosene (2003) revealed that unlike myogenin, MyoD expression was not associated with Cr addition; in addition, Cr did not appear to function as a transcriptional co-regulator of MyoD expression. Conversely, experiments on cultured myogenic cells confirmed that Cr administration can stimulate the transcription of all MRFs, including MyoD (Louis et al., 2004; Deldicque et al., 2007) , consistent with the findings of the current study. The differences in experimental methods, Cr dosage, and test species can account for discrepancies in the obtained results.
Myostatin, a member of the transforming growth factor-β family, has been considered to be responsible for controlling muscle mass (Thomas et al., 2000) , and is also known as a potent negative regulator of satellite cell activation in the muscles (McCroskery et al., 2003) . The Pax7, another marker for muscle development, is crucial for the development and differentiation of satellite cells (Seale et al., 2000) . The Pax7 expression is elevated during satellite cells proliferation (Halevy et al., 2004) . Hence, in the current study, the observed increase in Pax7 mRNA expression in CrPyr-treated birds suggested that more satellite cells were being activated and undergoing proliferation on 3 d post-hatch. A previous study revealed that myostatin might influence the growth of satellite cells through negative regulation of Pax7 expression (McFarlane et al., 2008) . Diet supplemented with CrPyr or Cr feed additive decreased the mRNA expression of myostatin in skeletal muscles (Chen at al., 2011) . Agreed with the literature, the negative effects on the expression of myostatin mRNA were observed in IOF of CrPyr broilers on 3 d post-hatch in the current study. Therefore, we speculated that the CrPyr injection-induced decrease in myostatin expression and the simultaneous increase in Pax7 mRNA expression can increase SCMA in neonatal broilers.
Moreover, supplementation with exogenous nutrients at a critical developmental stage using IOF technology exerts long-term positive effects on muscle growth and increases meat yield by increasing energy reserves in the liver and muscles and inducing satellite cell proliferation (Uni and Ferket, 2004; Uni et al., 2005; Kornasio et al., 2011) . Consistent with previous studies, the increased energy reserves and increased SCMA of breast muscle were observed in IOF of CrPyr broilers in the present study. Previous studies have reported that satellite cell cultures can be used as reliable tools for evaluating muscle growth and its development potential in postnatal chickens (Halevy et al., 2000; Moore et al., 2005b) . Based on the current results, we suggested that IOF of CrPyr might be an effective technique to increase the yield of chicken breast meat at market age.
In summary, the present study demonstrated that IOF of CrPyr at 17.5 d of incubation could increase energy reserves of embryos and increase SCMA of broilers on 3 d post-hatch, which was useful for improving muscle growth in late embryos and neonatal broilers. In addition, IOF of CrPyr increased the activity of satellite cells possibly through transcriptional upregulation MyoD, myogenin, and Pax7 and downregulation of myostatin mRNA expression.
